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The function of the central nervous system depends on the correct regulation of ion channels by
interacting proteins. Here, we identiﬁed cereblon as a new interactor of the voltage-gated chloride
channel ClC-2. A distal region of the ClC-2 C-terminus interacts with the Lon domain of cereblon.
Cereblon is expressed in several brain regions including the retina. There, we detected cereblon in
nuclear and synaptic layers and localized the protein in the same subcellular region of bipolar cell
bodies previously reported to express ClC-2. Our data suggest that cereblon might be associated with
voltage-gated chloride channels in the central nervous system.
Structured summary:
MINT-6823070: CIC-2 (uniprotkb:O54822) physically interacts (MI:0218) with CRBN (uniprotkb:Q0P564)
by two hybrid (MI:0018)
MINT-6823160, MINT-6823197: CIC-2 (uniprotkb:O54822) physically interacts (MI:0218) with CRBN (uni-
protkb:Q56AP7) by pull down (MI:0096)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction lular pH or membrane hyperpolarization. ClC-2 deﬁcient miceVoltage-gated chloride channels (ClC) serve a variety of physio-
logical tasks and are expressed in the plasma membrane (ClC-1,
ClC-2, ClC-Ka, ClC-Kb) as well as in intracellular organelles (ClC-3
to ClC-7) [1]. Solved crystal structures suggest that ClC ion chan-
nels contain 18 a-helices arranged in a complex membrane topol-
ogy [2]. The N-terminal end of the R-helix (Fig. 1A) is located close
to the chloride selective ﬁlter of the ion channel, while its other
end is connected to the intracellular C-terminus of ClC proteins.
Therefore, cytosolic proteins binding to this C-terminal domain
might directly regulate the conductance of these chloride channels
[2]. Recently, several proteins binding to intracellular ClC C-termini
were identiﬁed including kinases, phosphatases and PDZ domains
of scaffold proteins [3]. The importance of these protein–protein
interactions is underlined by mutations in the ClC binding partners
Ostm1 and barttin that cause neurodegeneration, osteopetrosis or
deafness [4,5].
ClC-2 is ubiquitously expressed and mediates an inwardly rec-
tiﬁed chloride conductance activated by cell swelling, low extracel-chemical Societies. Published by E
ltage-gated chloride channel;
longation factor 1a; b-Gal, b-
one S-transferase; INL, inner
er nuclear layer; OPL, outer
(R. Enz).suffer from degeneration of male germ cells in testis and photore-
ceptors in the retina [6]. In the retina, in situ hybridization and
immunohistochemistry detected ClC-2 on neuronal cell bodies
and synapses [6,7]. Highest concentrations of ClC-2 were present
in somata of rod connecting bipolar cells [7]. In order to elucidate
possible functions of ClC-2 in retinal neurons, we screened a retinal
cDNA library for binding partners and identiﬁed cereblon (CRBN), a
member of the ATP-dependent Lon protease family related to mild
mental retardation [8].
2. Materials and methods
2.1. Yeast two-hybrid techniques
The ClC-2 C-terminus was used as bait to screen a bovine retina
cDNA-library for interacting proteins using the MATCHMAKER
GAL4 Two-Hybrid System 3 (Clontech, Mountain View, CA) as de-
scribed [9]. Colonies were grown on selection plates containing
3 mM 3-amino-1,2,4-triazole (Sigma–Aldrich, Munich, Germany)
for 5 days at 30 C. Isolation, sequencing and identiﬁcation of li-
brary plasmids were described previously [10].
2.2. Glutathione S-transferase (GST) pull down assays
The coding sequence of CRBN was tagged with a T7-epitope by
cloning in pET-21 (Novagen, Madison, WI) for recombinant proteinlsevier B.V. All rights reserved.
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Fig. 1. Cereblon binds to the ClC-2 C-terminus. (A) Membrane topology of ClC-2. The gray box represents the membrane, a-helical regions (A–R) are indicated by black
rectangles. The intracellular C-terminus (bold) contains two CBS domains, one linker helix (Li) and is alternatively spliced (triangle) [12]. (B) Proteins identiﬁed in the yeast
two-hybrid screen against the ClC-2 C-terminus. Numbers in parenthesis refer to different protein regions identiﬁed. (C) GST or GST fused to the ClC-2 C-terminus were
immobilized on glutathione sepharose and incubated with E.coli lysate containing recombinantly expressed CRBN. CRBN bound to ClC-2 was detected by Western blotting
(upper panel). Protein concentrations of coated beads are shown in the lower panel (arrowheads).
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the presence of [S35]methionine (MP Biomedicals, Eschwege, Ger-
many) [11]. The C-terminus of ClC-1 or ClC-2 was ligated to the
coding sequence of GST in pET-41 (Novagen), expressed in E. coli,
puriﬁed and immobilized under native conditions on glutathione
sepharose [9]. Coated glutathione sepharose was incubated with
recombinantly expressed or in vitro translated CRBN in the pres-
ence of 0.2% Triton X-100 and 0.1% BSA. Individual domains of
CRBN or ClC-2 were generated by PCR cloning techniques and
tagged with T7- or GST-epitopes by ligation in pET-21 or pET-41,
respectively. Binding assays and detection of interacting proteins
were described previously [9–11].
2.3. RT-PCR
Total RNA was extracted from adult rat tissues, reverse tran-
scribed and ampliﬁed as in [9] using primer pairs speciﬁc for CRBN
(sense 991–1015; antisense 1338–1315) or ClC-2 (sense 1675–
1695; antisense 2001–1982). Primers for the house keeping gene
elongation factor 1a (EF1a) (sense 1479–1497; antisense 1770–
1749) served as positive control. All PCR products were identiﬁed
by DNA sequencing.
2.4. Immunocytochemistry
Retinal cryostat sections of adult mice were prepared as de-
scribed [9] and incubated with primary antibodies recognizing
CRBN (1:50; Proteintech Europe Ltd., Manchester, UK), PKCa
(1:100; Dunn Labortechnik, Asbach, Germany) to label rod bipolar
cells, or DAPI (1:5000, Sigma–Aldrich). The CRBN speciﬁc immune-
serum was generated in rabbits against amino acids 143–442 of
human CRBN expressed as GST fusion protein in E. coli. Resulting
antibodies were antigen afﬁnity puriﬁed and detect one speciﬁc
signal of the expected size (51 kDa) in the Western blot. The amino
acid sequence of the human antigen is 96% identical to the respec-
tive region of mouse CRBN and the serum cross-reacts with the
mouse ortholog. Binding sites of primary antibodies were revealed
by secondary antibodies (AlexaTM 594, AlexaTM 488) coupled to red
or green ﬂuorescence (1:500; Molecular Probes, Eugene, OR,
USA). Labeled proteins were examined by conventional light
microscopy (DMIRB, Leica, Microsystems, Wetzlar, Germany). Z-stacks of optical sections were taken with a Zeiss Axio Imager Z1
equipped with an ApoTome and projections were calculated with
AxioVision 4.6.3 software (Zeiss, Oberkochen, Germany).
3. Results
3.1. Cereblon is a new binding partner of ClC-2
A yeast two-hybrid screen with the intracellular C-terminus of
ClC-2 including the complete R-helix (Fig. 1A) yielded
18.6  106 transformants from a retinal cDNA library. Further
analyzes of 143 candidates identiﬁed several potential ClC-2 inter-
actors (Fig. 1B). The highest numbers of clones encoded for IK and
cereblon (CRBN). Because IK is a nuclear protein (data not shown)
here, we focussed on CRBN. To verify that CRBN interacts directly
with ClC-2, we immobilized its C-terminus on glutathione sephar-
ose and incubated the beads with CRBN containing protein extract.
Interaction between both proteins was detected by Western blot-
ting, conﬁrming the above described binding of CRBN and ClC-2
in yeast cells (Fig. 1C).
3.2. Cereblon uses its Lon protease domain to interact with a distal
region of ClC-2
Next, we tested which protein regions are required for the inter-
action. The intracellular C-terminus of ClC-2 contains the C-termi-
nal part of the R-helix, two cystathione b-synthase (CBS) domains
and a linker helix located between these domains (Fig. 2A) [12].
Insertion of 20 amino acids between the two CBS domains gener-
ates a longer ClC-2 isoform also expressed in the retina [7,13]. Both
ClC-2 isoforms showed similar afﬁnities for CRBN, indicating that
the protein interaction is not regulated by alternative splicing
(Fig. 2A). Subsequent N-terminal deletions of the ClC-2 C-terminus
identiﬁed a distal region including the second CBS domain as bind-
ing partner of CRBN. Both CBS domains are highly conserved be-
tween ClC proteins, and indeed, the nearest homolog of ClC-2,
ClC-1 also interacted with CRBN (Fig. 2A).
Amino acids 83–320 of CRBN are highly similar to an N-termi-
nal part of the Lon protease [8]. Only constructs containing this
Lon domain interacted with ClC-2, indicating that this protein re-
gion is important for binding (Fig. 2B). Based on our ﬁndings, we
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Fig. 2. Domain mapping of cereblon and ClC-2. (A) The complete C-terminus of ClC-1 or different ClC-2 constructs were fused to GST, immobilized on glutathione sepharose
and incubated with in vitro translated CRBN, as indicated (s – short; l – long and d – deletion). The lower panel shows protein concentrations of coated beads (arrowheads).
(B) N- or C-terminal deletions of CRBN were incubated with both ClC-2 isoforms as above.
Fig. 3. Cereblon is expressed in the mammalian retina. (A) Agarose gels showing PCR products for CRBN and ClC-2, ampliﬁed with reverse transcribed RNA isolated from the
indicated tissues. DNA fragments for EF1a compared cDNA concentrations between samples. PCR cycle numbers are given in parenthesis. (B) Retinal cryostat section
incubated with CRBN speciﬁc antibodies (red). The enlargement of the boxed region shows CRBN speciﬁc signals (arrowheads) above DAPI stained nuclei (stars). (C) Retinal
cryostat section double-labeled for CRBN (red) and PKCa (green) visualizing rod bipolar cell bodies. CRBN is localized on upper regions of rod bipolar cell bodies (stars),
resulting in yellow signals (arrowheads). (D) Superimposition of CRBN (red) and PKCa (green) speciﬁc signals obtained from a single Z-stack of a double-labeled retinal
cryostat section. For clarity, resulting yellow signals (arrows) are shown separately in white (co-localization). Higher power views of the boxed region demonstrate
expression of CRBN (arrowheads) at the plasma membrane of rod bipolar cell bodies (stars). Scale bars: 10 lm.
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second CBS domain interacts with the Lon domain of CRBN.
3.3. Cereblon is expressed on rod bipolar cells of the mammalian retina
Co-expression of binding partners represents a pre-requisite for
protein interactions. The retina is widely used as a model for the
central nervous system (CNS) because of its clear organization in
different horizontal layers. Previously, we described the expression
of ClC-2 in the mammalian retina [7]. Therefore, we ﬁrst ensuredthat CRBN is present in the retina (Fig. 3A). Next, we compared
the amount of CRBN with that of ClC-2 between different CNS
tissues and detected both proteins in all regions analyzed
(Fig. 3A).
To visualize the subcellular location of CRBN within the retina,
vertical cryostat sections were incubated with speciﬁc antibodies.
CRBN was detected in segments of photoreceptors (PRS, Fig. 3B,
red) but not in their cell bodies located in the outer nuclear layer
(ONL). Strong signals were also present in the upper part of the in-
ner nuclear layer (INL), containing cell bodies of bipolar and hori-
636 B. Hohberger, R. Enz / FEBS Letters 583 (2009) 633–637zontal cells, and in the ganglion cell layer (GCL), where ganglion
and displaced amacrine cell bodies are located. In addition to this
nuclear staining, CRBN was also observed in the two plexiform lay-
ers (OPL, IPL) that contain the synapses of various retinal neurons.
In the retina, ClC-2 was previously described on cell bodies of
nuclear layers (INL and GCL) and on cellular processes in synaptic
layers (OPL and IPL) [7]. High concentrations of ClC-2 were ex-
pressed above the nuclei of rod bipolar cell bodies that are located
in the upper part of the INL, strongly resembling the localization of
CRBN (Fig. 3B). Because the ClC-2 speciﬁc immuneserum of the ori-
ginal study [7] is unavailable, we could not directly co-localize ClC-
2 and CRBN in the retina. An alternative ClC-2 speciﬁc immunesera
is not suited for immunocytochemistry [6] and two commercial
sera did not produce speciﬁc signals in our hands.
To circumvent the lack of ClC-2 speciﬁc antibodies, we com-
pared the distribution of CRBN with the localization of rod bipolar
cell bodies in the INL, because there the distribution of ClC-2 was
described in detail [7]. First, we co-stained the CRBN labeled retinal
section with DAPI to ensure that CRBN is expressed above nuclei
localized in the upper part of the INL (Fig. 3B, arrowheads in the
lower panel). Next, we tested if these CRBN signals were localized
on rod bipolar cells as described for ClC-2 [7]. Double-labeling ret-
inal sections with antibodies against CRBN (red) and PKCa (green,
a marker for rod bipolar cells) localized CRBN on top of nearly
every rod bipolar cell body (Fig. 3C).
ClC-2 is expressed in the plasma membrane of rod bipolar cell
bodies [7]. To test if CRBN is localized at the same site, retinal sec-
tions were double-labeled as above and protein expression was
analyzed within one ApoTome generated optical section. The dou-
ble exposure clearly shows the presence of CRBN at the plasma
membrane of rod bipolar cell somata (Fig. 3D, arrows). This can
be better seen in the higher power views of the boxed area
(Fig. 3D, lower panels). The distribution of CRBN (arrowheads) in
the two rod bipolar cell somata (stars) resembles the ClC-2 staining
reported previously (see Fig. 4B of Ref. [7]).4. Discussion
The correct targeting, localization and regulation of ion chan-
nels are essential for the dynamic nature of the CNS. Macromolec-
ular signaling complexes that contain functionally related proteins
such as ion channels, enzymes or scaffold proteins represent cen-
tral components controlling neuronal excitability. Here, we de-
scribe CRBN as new binding partner of the voltage-gated chloride
channel ClC-2.
CRBN was named after its putative role in cerebral development
and presence of the Lon domain and is related to mild mental
retardation [8]. The three-dimensional structure of CRBN is not
yet known, but the protein was reported to exhibit a proteolytic
activity. To analyze structural properties responsible for that activ-
ity we used the ‘‘BioInfoBank Structure Prediction Meta Server”
(http://bioinfo.pl/meta) [14]. Residues 81-188 of CRBN exhibit
the same three-dimensional fold than a crystallized N-terminal do-
main of the E. coli Lon Protease (PDB code: 2ane) [15]. Interestingly,
the ‘‘DaliLite Server” (http://www.ebi.ac.uk/Tools/dalilite/in-
dex.html) calculates a signiﬁcant structural similarity (Z-
score = 2.1) between the Lon protease and CBS domains (PDB code:
2PFI) [16]. The ClC-2 C-terminus contains two CBS domains that
may regulate ClC-2 functions by dimerization [3]. It is tempting
to speculate that CRBN interferes with this dimerization process,
thus acting as a negative regulator of ClC-2 function.
CRBN is a cytosolic protein. In the retina, we found CRBN also
localized at the plasma membrane of rod bipolar cells. Compared
to the expression of ClC-2 that was restricted to the plasma mem-
brane [7], we observed a more diffuse staining for CRBN. Thus, notall CRBN molecules present in the cytosol might bind to the mem-
brane-localized chloride channel. Our data are consistent with pre-
vious reports that detected endogenous CRBN in cytosolic and
membrane compartments of B103 cells and hippocampal neurons
[17].
The localization of ClC-2 in the plasma membrane places its
intracellular C-terminus at the right sub-cellular position to inter-
act with CRBN. The ClC-2 C-terminus is linked to the R-helix that
contains a tyrosine residue contributing to the chloride selective
ﬁlter of the ion channel [2]. Thus, binding of CRBN to the ClC-2
C-terminus might directly inﬂuence chloride conductance. Indeed,
several studies show that ClC C-termini are functional determi-
nants of these chloride channels [3–5]. However, co-expression
of CRBN with ClC-2 did not change physical parameters of voltage
activated currents in Xenopus oocytes (personal communication
by V. Stein). This indicates that CRBN might not inﬂuence the chlo-
ride conductance of ClC-2, but rather could serve structural tasks,
e.g. assembly or targeting of the protein. Recently, CRBN has been
shown to regulate assembly and surface expression of potassium
channels in neurons [17,18]. If a similar mechanism holds true
for ClC-2 needs to be elucidated in future studies.Acknowledgments
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